Photometric validation of a model independent procedure to extract galaxy clusters by Puddu, E et al.





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2 E. Puddu et al.: Photometric validation of a model independent procedure to extract galaxy clusters





sky region centered at RA = 1h and Dec = +15
Æ
. The
smoothing on this map is performed by a 3 x 3 Gaussian
lter.
Squares mark known Abell and Zwicky clusters. Circles
mark putative - previously unknown - clusters.
metric system.
With the availability of these new data, various methods
to build galaxy cluster catalogs based on color information
have been proposed (Gal et al. 1999; Gal et al. 2000a).
In order to exploit the scientic potential of the
DPOSS, we developed a model independent procedure to
search for cluster candidates. The procedure is detailed
elsewhere and therefore we briey summarize its main
characteristics here (Puddu et al. 2000; Puddu et al.,
in preparation). First, for a given region of the sky, we
extract the individual catalogs obtained from the corre-
sponding J, F and N DPOSS plates and calibrate them to
the g, r and i Gunn-Thuan System using the procedure
described in Weir et al. (1995). Then, after correcting
for misclassied objects in at least one of the three
lters (see Puddu et al. 2000), we produce a matched (in
the three bands) catalog complete to r  19:75 and g
 20:2 and, in order to ensure completeness, we disregard
all objects fainter then r = 19:5. The spatial galaxy
distribution in the matched catalog is then binned into
equal area square bins of 1:2 arcmin to produce a density
map. S-Extractor (Bertin & Arnouts 1996) is run on the
resulting image in order to identify and extract all the
overdensities having number density 2  above the mean
background and covering a minimum detection area of 4
pixels (equivalent to 4:8 arcmin
2
) on the map convolved
with a 3 x 3 Gaussian lter. We wish to stress that, as
in the Schectman (1985) approach, we are not assuming
any a priori cluster model.
The procedure is run on a given plate catalog to produce
a preliminary candidate cluster catalog. All previously
known Abell and Zwicky clusters are recovered together
with many new cluster candidates (Fig. 1 shows, as an
example, DPOSS eld 610) which need to be conrmed.
The best way to validate cluster nding algorithms
would be to apply them to a eld for which redshifts
are available for a fairly deep magnitude limited sample
of galaxies. Since such a sample does not exist, we were
obliged to follow an alternative route. It is well known
that early-type galaxies are preferentially located in
the cores of rich clusters and that they present a small
scatter in the color-magnitude diagram (Dressler 1980;
Dressler & Gunn 1992; Stanford et al. 1998). These prop-
erties turn the color-magnitude diagram into a powerful
tool to disentangle true clusters from overdensities of
galaxies caused by random object alignment along the
line of sight.
In this paper we use the early type sequences detected in
the color-magnitude diagrams obtained from multiband
optical photometry to conrm a sample of 12 candidates.
These candidate clusters were selected from some fully
reduced DPOSS plates available at the time the test was
performed. The selection was performed randomly in
order to include overdensities covering a wide range of
S/N ratios in the detection maps. We also use a sample
of 8 X-ray selected clusters at nearby and intermediate
redshift as templates to calibrate the photometric redshift
estimate.
The paper is structured as follows: in section 2 we de-
scribe the data and the data reduction strategy, in section
3 we show the color-magnitude diagrams for the calibra-
tion sample and illustrate the procedure implemented to
derive the photometric redshift estimate, while in section
4 we apply this method to the candidates. In section 5
conclusions and future developments are discussed.
2. Observations and Data Reduction
2.1. The observations and the sample
All data used in this paper were obtained in imagingmode
with DFOSC at the ESO 1.54mDanish telescope (La Silla
- Chile) during two observing runs (March 1999 andMarch
2000) blessed by dark time and photometric conditions.
The CCD (LORAL/LESSER C1 W7) has 2052 x 2052
pixels, each pixel covering 0:39
00





. Data were taken in the g, r and i l-
ters of the Thuan & Gunn system (Thuan & Gunn 1976;
Wade, Hoessel & Elias 1979). Seeing averaged  1:2
00
and
was always better than 1:5
00
. The slight dierence between
our setup and the original Thuan & Gunn lters resulted
in a signicant color correction which had to be taken into
account in the calibration procedure.
Exposure times ranged from 40 to 50 minutes in the g
band and 20 to 30 minutes in the r and i bands, depend-
ing on the target. In order to obtain higher S/N and more
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Table 1. Selected overdensities.
Notes:(1) Zwicky cluster




05 00 07.24 +10 15 52.00 76 8
44 778 08 59 52.68 +04 10 53.20 21 4
17 778 09 08 28.20 +06 03 39.55 63 8
5 778 09 12 11.09 +02 23 10.22 17 4
1 778 09 12 15.34 +02 32 18.11 48 7
64 781 09 57 25.10 +03 39 06.70 27 5
72 781 09 57 53.23 +03 27 10.09 59 7
6 725 15 24 52.60 +11 20 27.10 146 12
1 799
(1)
16 03 11.78 +03 14 17.63 132 11
24 694 05 03 38.92 +10 38 08.59 50 7
21 694 05 04 42.34 +10 48 49.00 70 8
26 727 15 57 48.70 +08 52 04.39 8 3
Table 2. Sample of known clusters.
G&L: Gioia & Luppino, 1994; S&R: Struble & Rood, 1999.
Id RA(J2000) Dec(J2000) z Ref.(z)
MS0821.5+0337 08 24 07.104 +03 27 45.22 0.347 G&L
Abell 1437 12 00 24.960 +03 20 56.40 0.1339 S&R
MS1253.9+0456 12 56 28.827 +04 40 01.87 0.23 G&L
Abell 1835 14 01 02.399 +02 52 55.20 0.2532 S&R
MS1401.9+0437 14 04 29.378 +04 23 00.33 0.23 G&L
MS1426.4+0158 14 28 58.768 +01 45 11.94 0.32 G&L
Abell 2033 15 11 23.518 +06 19 08.40 0.0818 S&R
MS1532.5+0130 15 35 02.739 +01 20 57.15 0.49 G&L
accurate photometric measurements, exposures for those
clusters at intermediate redshift were usually repeated in
two or three slightly oset frames.





and therefore observable from both hemispheres) in-
cluded 12 candidate clusters plus 8 clusters with known
redshifts to be used as comparison sample. In order to
use the same material to both calibrate the correspond-
ing DPOSS elds and to validate our algorithm, we se-
lected galaxy overdensities in such a way that we had at
least two (up to four) candidates and/or clusters in each
DPOSS eld. One candidate, observed on two dierent
nights, also provided an independent check of the pho-
tometric accuracy of the second run. For the comparison
sample we selected 8 clusters from the X-ray selected sam-
ple of Gioia & Luppino (1994) and Ebeling et al. (1996).
The equatorial coordinates of the observed elds are given
in Tables 1 and Tables 2.
We wish to stress that one of the main problems encoun-
tered in our work was the well known lack of a suitable
set of photometric standards for the Gunn-Thuan system
which, along with the lack of faint stars suitable for CCD
observations, very often prevents good coverage of the
airmass-color plane. The problem is even worse for ob-
servers in the Southern hemisphere where the number of
available standards is uncomfortably small.We succeeded,
however, in observing an average of 4-5 standard stars per
observing night.
2.2. Data Reduction and Photometric Calibration
The raw images (both scientic and calibration) were
prereduced using the standard procedures available in
the IRAF package. First, the frames were corrected
for instrumental eects (overscan and bias) and at
elded. Individual dome and sky ats in each lter were
median stacked to increase the S/N ratio. For the rst
run, atelding was performed using sky ats only, but
the experience gained in this run suggested a slightly
dierent procedure for the second run, using dome ats to
achieve better correction of the small scale pixel-to-pixel
variations. Dome ats were rst used to correct the sky
at frames for the higher frequency uctuations, and the
resulting frames were then smoothed and stacked to map
the lower frequency uctuations and combined with the
average dome at to produce the nal master ats.
In the rst run, we divided the exposures into two or three
frames for the same eld; in these cases, the images were
combined in each lter by medianing (three exposures) or
averaging (two exposures) the aligned frames. Standard
star photometry was performed using the apphot package
in IRAF. Due to the need to defocus most of the stars
to avoid saturation, stars were measured through 10
apertures with diameters up to 90 pixels (35:1
00
), and the
local sky was determined using a 10 pixel wide annulus
outside of the largest aperture. In order to determine
the zero-point oset and the airmass and color terms we
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Fig. 2. Residuals for the g (upper panel) and r (lower
panel) t. Dierent symbols refer to dierent nights. The
outlier point is Ross 683, which turns out to be consis-
tently brighter than expected in all four observed nights.
used the 40 pixels (' 15
00
) aperture, for the focused and
unsaturated stars, and the asymptotic magnitudes for the
defocused ones.















is the zero point of the magnitude scale; K
e
is the extinction coeÆcient and X the airmass; CI is
the instrumental color term coeÆcient. For the rst run
(March 1999), due to the paucity of standard stars, we
could determine single night coeÆcients only for the r
and i lters. The coeÆcients were consistent from one
night to the other and we used a mean t for the g-r
color.
For the second run (March 2000) we instead derived the
coeÆcients for each night and in each band (using the
g-r and r-i colors). The resulting calibration coeÆcients
of the various nights are consistent within the errors and,
therefore, in order to improve the quality of the t, we
adopted a unique pair of extinction coeÆcient and color
term for the whole run. These constants were then used
to derive the zero points for each night. In Fig. 2 we
show for the g and r lters, the t residuals as a function
of the estimated magnitude, using dierent symbols for
dierent nights.
Fig. 3. Comparison between the photometry of the candi-
date cluster 64 781 between nights 2 and 4: the plot shows
the g or r magnitude oset vs. the g or r magnitude
Fig. 4. Color - color diagram for the Gunn & Thuan stan-
dards (open circles) and for a sample of stars (lled sym-
bols) extracted from the eld 5 778.
2.3. Object Detection and Photometry
The object catalogs were produced individually for each
band using S-Extractor: all objects larger than 4 pixels
and 2 above the background counts were included and
their photometric and morphological features measured.
We used a photometric reference aperture with a diameter
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 3 times larger than the average seeing.
For each CCD eld, the three single band catalogs where
matched taking into account the shifts between pointings
(measured using the geomap and geotrans IRAF tasks).
To obtain an estimate of the external photometric
errors, the candidate cluster 64 781 was observed on two
dierent nights. In this way we could evaluate possible
night-to-night magnitude osets in both the g and r
lters. The typical weighted mean values for these osets
are 0:05 for the g lter and 0:007 for the r lter, i.e. they
are of the same order as the rms errors from the three
parameter calibration t (Fig. 3).
Since our goals require high accuracy for the color de-
termination, we further checked the photometric calibra-
tion, using the following test: in the color-color diagram
(Fig. 4) we plotted the linear sequence of the Gunn-Thuan
standards (open circles) together with all the unsaturated
stars (S-Extractor stellarity index < 0:8) within the lim-
iting magnitude, selected from some CCD cluster candi-
date elds (in Fig. 4 we show the 5 778 eld). For all
of these elds, the sequence of the selected stars is lin-
ear (excluding the very red sources, dominated by stars of
spectral type M, which have a constant g-r color while r-i
depends on the spectral subtype; see Fukugita et al. 1996
and Finlator et al. 2000) and overlap quite well with the
standard sequence. This means that the colors of the main
sequence stars are well determined, since the relation be-
tween g-r and r-i is the same for the cluster eld stars and
for the standards.
3. Validation method via color-magnitude
diagrams
From the g and r matched catalogs we excluded obvious
stars (stellarity index > 0:95) and then selected a box
of  300 pixels in size (corresponding to a typical core
cluster diameter of  750 kpc at z  0:2), centered on the
approximate cluster center and a second box of equal size
located as far as possible from the cluster, to be used for
the evaluation of the background contribution.
Our procedure is summarized in Fig. 5, which shows
the results for four sample candidates which are represen-
tative of the various morphologies encountered.
For all candidates in our sample we rst obtained the
color-magnitude diagrams for both the cluster and back-
ground objects. Then, in order to enhance the early-type
sequence, we performed the statistical subtraction of the
background contribution by eliminating for each object in
the background diagram the corresponding nearest galaxy
in the cluster+background diagram. If we then isolate
the objects contained within a narrow strip of the color-
magnitude diagram centered around the early-type se-
quence, the galaxy overdensities become more evident in
both the spatial distribution and in the number counts
radial prole (Fig. 5; the radial prole was calculated by
choosing as cluster center the barycenter of the density
distribution).
The plots in Fig. 5 can be used as a criterion to distinguish
true clusters (candidates (a) and (b)), even if they are dif-
cult to detect. In some cases (usually candidates which
are either too distant or too poor), despite the presence
of an apparent sequence in the color-magnitude diagram,
the objects do not form a physical overdensity, but turn
out to be uniformly distributed on the sky. In these cases
it is more diÆcult to reach any denite conclusion about
the physical nature of the candidate.
3.1. Color-magnitude diagrams for the calibration
cluster sample
We chose as templates a sample of X-ray clusters for
which, at least in principle, the early-type sequence in the
color-magnitude diagrams should be easily detectable.
This sample was also used to investigate whether or
not it was possible to derive an acceptable estimate of
the redshift from the g-r color of the early-type sequences.
In Fig. 6 we plot the color-magnitude diagrams for
the 8 clusters in the X-ray sample including only the
cluster contribution (i.e., after the statistical subtrac-
tion of the background). It is quite evident that some
of the early-type sequences are only broadly outlined
(MS1401, MS1426, MS1532), which may be caused ei-
ther by the intrinsic faintness of the cluster members or
by cluster structural features (poorness, looseness and
presence of interacting systems; see the comments in
Gioia & Luppino (1994) about these three clusters). For
each cluster we derived a median g-r color using only the
5 brightest galaxies after the background subtraction (con-
tinuous line), from which we also estimated the redshift.
The crosses represent the g-r colors corresponding to the
literature redshifts.
3.2. Photometric Redshift Estimate
Some techniques for deriving redshifts from broadband
photometry consist of matching observed elliptical galaxy
colors with those predicted from the Spectral Energy
Distributions (SEDs) (Visvanathan & Sandage 1977) of a
template elliptical galaxy at zero-redshift and corrected
according to the redshift: since ellipticals become redder
as their redshift increases and since the redshift depen-
dent correction (k-correction), is monotonically increasing
in the near and intermediate redshift Universe, colors can
be used to infer the cluster redshift.
There is no agreement in the literature for the
g-r color of ellipticals at zero-redshift: 0:47
m
, ac-
cording to Schneider, Gunn & Hoessel (1983); 0:38 mag





Fukugita et al. (1995). Dierences in these values likely
depend on the galaxy spectrum template adopted for the
ellipticals and on the use of a synthetic or an observed
spectrum for the standard stars dening the photomet-
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ric system. To a lesser extent, dierences are due to the
variations in the actual shape of the Gunn g and r lters
(convolved with the atmosphere, mirror and glass trans-
missions, CCD quantum eÆciency, etc.) and possibly also
to the way in which the colors are computed.
In the absence of a denite value, we left the zero-
redshift color of ellipticals as the unique free parame-
ter and constrained it with our own observations by (ro-
bustly) tting the relation between color and redshift.
Fig. 7 shows (lled dots) the observed colors from the
color-magnitude relation vs. known spectroscopic red-
shift for our X-ray cluster sample. The expected color
of ellipticals (continous line) were computed using the
Schneider, Gunn & Hoessel (1983) k-correction curve and
our own determination of the elliptical colors. The aver-
age g-r color of ellipticals of zero redshift turns out to be
0:44
m
, i.e. the average of the four previously quoted liter-
ature values. Errors on the colors are given as one third
of the interquartile range, which roughly corresponds, for
a Gaussian distribution of ve points to the error on the
mean. We prefer these to the standard error since they are
more robustly determined. Figure 7 shows that all points
are compatible with the curve within 1, excluding two
points , which are within 2. The agreement is good, pro-
vided that there is only one free parameter (the rest-frame
elliptical color). Figure 8 compares the photometric red-
shift, estimated from the color-magnitude diagrams and
the spectroscopic redshift. The agreement is good, and the
error (interquartile range) on the redshift is, on average,
Æz = 0:01, i.e. 3000 km/s. Tab. 3 lists the estimated pho-
tometric redshifts, with the errors computed as previously
dened, for the putative clusters; since these clusters are
fairly rich systems, this error is likely to be a lower limit.
4. The validation of the candidate cluster sample
In Fig. 9 we show the early-type sequences obtained (after
subtracting the background) for the 12 candidate clusters
in our sample. We conrm 9 of the 12 candidates as true
clusters, one is a fortuitous detection of a cluster at z 
0:4, one is a false detection and the last is undecidable on
the basis of the available data.
The better denition of the early-type sequences ob-
served in the DPOSS conrmed clusters sample with re-
spect to the X-ray sample is likely due to the dierent
specic properties of the two samples: at a given z, our
optically selected clusters are on the average richer and
more centrally concentrated then the X-ray selected ones.
For the cluster OV27 694, the early-type sequence is
less dened due to the overlap of two independent clus-
ters/groups along the line of sight.
The case of OV21 694 merits special attention. As a visual
inspection of the corresponding POSS-II F plate shows,
the marginal detection of an early type sequence (Fig. 5
and 9) seems to be due to the chance alignment of a dis-
tant cluster (at redshift z  0:4) with a rich galaxy eld.
The existence of such a foreground rich eld has there-
fore triggered the search algorithm. As far as OV24 694
Fig. 7. The observed colors from the color-magnitude re-
lation and their errors for the X-ray cluster sample (lled
circles) are plotted, compared to the expected color of el-
lipticals (continuous line) as a function of spectroscopic
redshift.
Fig. 8. Photometric vs. spectroscopic redshift. The solid
line is the bisector and is not derived from data tting.
and OV26 727 are concerned, the marginal evidence for an
early-type sequence does not correspond to a dened over-
density in the number count radial proles (using galaxies
in the strip centered on the mean g-r color). The case of
OV26 727 is a false cluster detection, since it has a low
S/N ratio and low isophotal richness (see Tab. 1; it may
be a group). Visual inspection of the POSS-II plate shows
that OV24 694 lies in a crowded eld rich with galaxies;
from the sky diagram (Fig. 5, case (d)) it is also evident
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(a) (b)
(c) (d)
Fig. 5. Complete set of plots for two conrmed (upper half) and two uncertain (lower half) cluster candidates. Each set
of plots consists of color-magnitude diagrams for background + cluster box; color-magnitude diagrams for background
box; color-magnitude diagrams for statistically corrected cluster objects; radial proles and spatial distributions over
the CCD eld of the objects within a color strip around the early-type sequence. The four sets of plots refer respectively
to: (a) OV17 778, a typical rich nearby cluster (z 0.2); (b) OV6 725, a poor cluster at redshift z 0.2; (c) OV21 694
and (d) OV24 694, uncertain clusters, with less evidence for the early-type sequence in the color-magnitude diagrams,
and for density peaks in the spatial distribution.

























































MS1532      
Fig. 6. Color-magnitude diagrams after statistical background subtraction for the X-ray cluster sample. According to
Gioia & Luppino (1994), MS1401 is a loose cluster, without a dominant galaxy; MS1426 contains spirals and possibly
interacting systems, and moreover may be two clusters in projection. A Seyfert galaxy at z=0.074 is present in the
foreground of the MS1532 eld. Abell 2033 is of Bautz-Morgan type III and richness class 0.
that a large fraction of these foreground galaxies have the
same color. Thus, this eld could be part of a larger loose
cluster or a cluster in a region with variable background.
5. Summary and conclusions
The aim of our work was to test the validity of a model
independent cluster nding algorithm, implemented to ex-
tract a statistically well dened sample of cluster candi-
dates from photometrically calibrated DPOSS data (see
Paper I for details). The advantages of a model indepen-
dent approach are that i) the program does not assume
any a priori knowledge about the clusters, and ii) it ob-
jectively looks for statistically meaningful overdensities in
the galaxy density eld. The main problem in validating
any cluster nding algorithm is the lack of a suitable data
set to use as a template, i.e., the lack of a region of the
sky containing a large sample of clusters with well dened
redshifts and properties. In the absence of such a data set,
we adopted a photometric approach based on the use of
the sequence dened in the color-magnitude diagrams of
clusters by bright early-type galaxies as a diagnostic tool.
We obtained deep multiband CCD photometry for a sam-
ple of 12 candidate clusters extracted from the DPOSS
data, plus an additional sample of 8 X-ray clusters with
known redshifts to be used as a template to calibrate the
photometric redshift procedure. Results may be summa-
rizied as follows: among the 12 clusters candidates, 10 are
conrmed clusters, 1 is false and 1 is uncertain. The X-ray
selected cluster sample was then used both to check the
accuracy (z ' 0:01) and to nd the zero point (i.e., the
average zero-redshift g r color for elliptical galaxies in our









































Fig. 9. Color-magnitude diagrams after statistical background subtraction for the 12 candidate clusters with complete
observations. The three upper right diagrams refer to not conrmed candidates (OV21 694, OV24 694, OV26 727).
system:(g   r)
0
= 0:44) for the photometric redshift pro-
cedure. This procedure is being applied to a larger sample
of clusters derived from both DPOSS calibration data and
from other archive datasets. Future papers will deal with
the analysis of a larger sample of clusters ( 200) identi-
ed on both DPOSS and archive data and will focus on
the derivation and analysis of luminosity functions (both
individual and cumulative) and of radial number count
proles (Strazzullo 2001).
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